Introduction
Poor mental health has been frequently associated with heightened cardiovascular risk, because depressive symptoms or disorders increase the risk of coronary heart disease Psychoneuroendocrinology (2012) 37, 48-55 KEYWORDS Mental health; Psychological distress; Cortisol reactivity; Stress responses; Coronary artery calcification Summary Objectives: Poor mental health has been associated with coronary heart disease (CHD). One hypothesized underlying mechanism is hypothalamus pituitary adrenal axis dysfunction. We examined the associations between psychological distress, cortisol response to laboratoryinduced mental stress and subclinical coronary artery calcification (CAC). Participants: 527 volunteers free of CHD (mean age = 63.0 AE 5.7 years), drawn from the Whitehall II cohort. Measures: CAC was measured using electron beam computed tomography. Current distress at time of the heart scan was indicated by a Short Form-36 mental health score, whereas long-term distress was based on the averaged scores of six assessments over the 15 preceding years. Salivary cortisol was measured in response to mental stressors (Stroop, mirror tracing). Results: Detectable CAC was found in 56.4% (mild/moderate: 46.9%; severe: 9.5%) of the sample. After adjustment for sociodemographics and conventional risk factors, long-term but not current psychological distress was associated with a higher risk of severe CAC (OR per SD increase = 1.49, 95%CI = 1.03-2.16). Psychological distress was not significantly associated with cortisol stress response. A trend for interaction ( p = .09) indicated that individuals with long-term poor mental health and high cortisol reactivity showed the highest odds for severe CAC. Conclusions: Long-term but not current psychological distress is associated with severe CAC in healthy older subjects. Although psychological distress generally was not associated with cortisol stress responses, participants with both long-term distress and increased cortisol response were especially at risk for severe calcification. # 2011 Elsevier Ltd.
(CHD), and vice versa (Nicholson et al., 2006) . The development of vascular imaging techniques has made it possible to assess subclinical atherosclerosis, which can help delineate the temporal relationship between mental health and CHD. However, findings are conflicting, possibly due to heterogeneity in design and measures used. A positive association between current poor mental health and carotid or coronary atherosclerosis has been found in some (Tiemeier et al., 2004; Faramawi et al., 2007) , but not in other studies (O'Malley et al., 2000; Diez Roux et al., 2006) . Long-term poor mental health as indicated by either recurrent depressive episodes or repeatedly measured depressive symptoms has been associated with carotid plaque (Jones et al., 2003) and coronary or aortic calcification (Agatisa et al., 2005; Hamer et al., 2010a) , but not with carotid intima-media thickness (IMT) (Rice et al., 2009 ). Long-term as compared to current psychological distress can be expected to have a stronger association with subclinical atherosclerosis, because it may indicate a higher and more chronic stress exposure.
Various etiological pathways have been suggested that link depression to accelerated atherogenesis, ultimately resulting in CHD. In addition to an unhealthy lifestyle (Bonnet et al., 2005) , biological pathways may be involved, including dysregulation of the hypothalamic pituitary adrenal (HPA) axis (Grippo and Johnson, 2002) . Increased diurnal cortisol exposure (indicated by higher overall levels (Dekker et al., 2008) or smaller decline (Matthews et al., 2006) ), which suggest a higher HPA axis activation in reaction to stress, has been associated with subclinical atherosclerosis. Concerning depression and HPA-axis functioning, divergent observations have been done in proof of associations between depression and hypo-or hypercortisolemia (Oldehinkel et al., 2001; Otte et al., 2004; Bremmer et al., 2007; Vreeburg et al., 2009) . One study has shown that 'hypercortisolemic depressed' people were at increased risk of metabolic syndrome -a clustering of cardiovascular risk factors (Vogelzangs et al., 2007) . Another important way to examine the contribution of hypothesized etiological pathways is through acute psychophysiological stress testing (Dimsdale, 2008) . Longitudinal follow-up studies have shown that individuals with large mental-stress induced cardiovascular responses are more likely to have a poor future cardiovascular health status (Chida and Steptoe, 2010) . Literature on the relationship between laboratory-induced cortisol stress responses and subclinical atherosclerosis is sparse, revealing only one study that showed an association between cortisol reactivity and coronary artery calcification (CAC) (Hamer et al., 2010b) . In contrast, a study among patients with manifest coronary disease has demonstrated that patients exhibit blunted HPA-axis reactivity as compared with healthy controls (Nijm et al., 2007) . Regarding cortisol stress responses in major depressive disorder, a meta-analysis has reported that depressed patients generally have impaired cortisol response recovery but also blunted cortisol reactivity (mostly in afternoon studies) (Burke et al., 2005) . It is still unclear to what extent HPA axis responsiveness can provide an etiological explanation for the association between poor mental health and subclinical atherosclerosis.
Most studies have examined cross-sectional associations between mental health and subclinical disease. The present study is one of the first to assess both concurrent and longterm measures of psychological distress in relation to subclinical atherosclerosis, and to explore HPA axis reactivity as a linking mechanism. Data were analyzed from older participants without a prior history of CHD. We hypothesized those participants with long-term psychological distress poor mental health would have higher risk of CAC, and that this association would be attributable to a greater cortisol stress reactivity, or be particularly present in individuals with 'hypercortisolemic distress'.
Methods

Participants
Participants were a subgroup of the Whitehall II epidemiological cohort, recruited into the Heart Scan Study. Whitehall II is an ongoing study examining demographic, psychosocial and biological risk factors for coronary heart disease (Marmot et al., 1991) . The criteria for entry into the Heart Scan (2006) (2007) (2008) included no history or objective signs of CHD, no previous diagnosis or treatment for hypertension, diabetes, inflammatory diseases, or allergies. Participants with a history of major depression (self-report of diagnosis by a physician) or using antidepressant medication in the 12 months prior to the psychophysiological testing were also excluded. From the Whitehall II participants (n = 1169) initially invited, 27.6% were not eligible (mainly because of prescribed medications) and 25.9% declined to take part. The total Heart Scan sample included 543 participants of white European origin, aged 53-76 years. All participants gave full informed consent to participate in the study and ethical approval was obtained from the University College London committee on the Ethics of Human Research. Sixteen individuals had missing data on the main factors of analyses, leaving a final sample of 527. Fig. 1 shows the design of the main predictors and outcome variables.
Psychological distress measurement
Self-reported psychological distress was assessed using the Mental Health Index (MHI-5), a 5-item subscale of the Short Form-36 health survey (Ware and Sherbourne, 1992; McHorney et al., 1993) . Though developed to measure well-being in general populations, the MHI-5 also has proven well in detecting major depression (AUC = 0.89) and anxiety disorders (AUC = 0.74) (Berwick et al., 1991) and has shown a Spearman correlation of r = 0.79 with the Beck Depression Inventory (Rogers et al., 2005) . Besides, it has been associated with future CHD (Whang et al., 2009 ). The MHI-5 consists of five 6-level Likert items asking about the amount of time the individual had felt nervous, down in dumps/blue, calm/ peaceful, downhearted/low, and happy during the past month. The sum of ratings is transformed to a score ranging 0-100. Because higher scores indicate more psychological well-being, we transformed the scores so that high scores indicated high distress. The MHI-5 was assessed at five time points before the Heart Scan Study (1991/1993, 1995/1997, 1997/1999, 2001, 2003/2004) as well as during the study itself (2006/2008) . In case of one (n = 69) or two (n = 8) missing scores, imputation with the average score over available data was performed. Because major depression was an exclusion criterion for the Heart Scan Study, continuous scores and quartile division were used in analyses instead of a cut-off value. The concurrent MHI-5 score was regarded as current psychological distress measure, whereas the average MHI-5 score of all six assessments over 15 years of time was taken to be a long-term psychological distress measure.
Cortisol stress responses
Psychophysiological testing was performed in either the morning or afternoon as previously described (Hamer et al., 2010b) . In brief, after a 30 min rest period, a saliva sample was taken for the assessment of cortisol. Two behavioural tasks, designed to induce mental stress, were then administered in a random order. The tasks were a computerized version of the Stroop task and mirror tracing (each lasting 5 min), both of which have been used extensively in psychophysiological research (Goldberg et al., 1996) . Participants then rested for 75 min during which saliva samples were collected immediately post-tasks and at 20, 45, and 75 min post-task. The samples were collected using Salivettes (Sarsted, Leicester, UK). Levels of cortisol were determined using a time resolved immunoassay with fluorescence detection at the Technical University, Dresden.
Cortisol reactivity was measured both in a continuous and a dichotomous way. Since the time course of the cortisol response to mental stress can vary between individuals, the maximum change in cortisol level (nmol/L) immediately or at 20 min post-task with respect to baseline was taken as a continuous measure. In addition, participants were categorized as responders if a notable increase in cortisol was detected (!1 nmol/L representing on average a 20% increase relative to baseline) either immediately or at 20 min post-task, as done before (Hamer et al., 2010b) . Cortisol reactivity is considered a quite robust characteristic of individual difference (Hamer et al., 2006) .
Assessment of coronary artery calcification
The assessment of CAC was performed using electron bean computed tomography (GE Imatron C-150, San Francisco, CA, USA) as described elsewhere (Anand et al., 2007) . In brief, 40 contiguous 3-mm slices were obtained during a single breathhold starting at the carina and proceeding to the level of the diaphragm. Scan time was 100 ms/slice, synchronized to 40% of the R-R interval. Agatston scores were calculated to quantify the extent of CAC by a single experienced investigator blinded to the clinical data on an Aquarius workstation (TeraRecon Inc., San Mateo, CA, USA). Additionally, a variable was constructed categorizing the extent of calcification into no, mild/moderate (Agatston scores 1-399) and severe (Agatston scores ! 400) CAC. These cut-offs follow the CHD event risk classification reported in a review by Greenland et al. (2007) , taking together the average and moderate risk groups and the high and very high risk groups.
Covariates
A priori selection of covariates was based on previously reported associations with both depressed mood and coronary artery disease. Sociodemographic characteristics included age, sex and grade of employment (as an indicator of social position). Use of statins was based on self report. Participants reported smoking status (never, former, current) and alcohol intake (units per week). Physical exercise was assessed by enquiring about the frequency of moderate and vigorous activities (hours per week). Height and weight were recorded in light clothing for the calculation of body mass index (BMI). After a 30 min rest period, systolic blood pressure was measured twice using an automated UA-779 digital monitor. Blood samples (non-fasting) were drawn for the assessment of cholesterol levels and glucose homeostasis. Total cholesterol and high density lipoprotein (HDL) cholesterol were measured within 72 h in serum stored at 4 8C using enzymatic colorimetric methods. Glycated haemoglobin (HbA 1C ) concentration was assayed using boronate affinity chromatography. Missing data on cholesterol (n = 7) or haemoglobin (n = 4) were imputed with the overall median.
Statistical analyses
Baseline characteristics were compared across quartiles of long-term psychological distress scores using analyses of variance and x 2 -statistics. Because of the positively skewed distribution of CAC scores (even after log-transformation), data were unsuitable for linear regression analysis of the complete sample. Associations between current and longterm psychological distress and CAC therefore were analyzed in two ways. We first conducted multinomial logistic regression analyses to investigate the associations between psychological distress (continuous) and the presence of mild/ moderate or severe CAC. In Model 1, associations were adjusted for sociodemographic factors (age, sex, grade of employment) and statin use. In Model 2, analyses were repeated with additional consideration of lifestyle factors (BMI, smoking status, alcohol consumption, physical activity) and biological risk factors (systolic blood pressure, total/HDL cholesterol ratio, haemoglobin A 1C ). We also conducted linear regression analyses on log transformed CAC data of participants with any detectable CAC using continuous psychological distress scores.
In order to answer our second question on the possible linking role of HPA-axis reactivity, we first examined whether psychological distress (predictor) was associated with cortisol stress responses (outcome), thereby correcting for baseline cortisol and primary sources of individual variation (i.e. age, sex, and time of testing) (Burke et al., 2005) . Linear regression analyses were used to examine associations between continuous distress scores and cortisol maximum change scores. Logistic regression analyses were used to examine associations between highest quartile distress and cortisol stress response (both dichotomous). If a significant association was found, mediation effects of HPA-axis reactivity were tested by repeating multinomial regression analyses, this time also including cortisol stress response (maximum change scores and dichotomous measure, respectively; using Model 1 plus time of testing). Second, in order to test whether HPA-axis reactivity acted as a moderating factor in the associations between distress and CAC (outcome), multinomial regression analyses once again were repeated in Model 1 plus time of testing, including psychological distress, cortisol response, and a distress Â cortisol response interaction-term. Linear interactions were examined using Ztransformed continuous parameters (distress, maximum cortisol change). Additionally, to check whether associations were the same for more extreme categories, interactions were tested with a highest distress quartile Â responders (both dichotomous) interaction-term.
Results
Sample characteristics
Mean age of the present sample (N = 527) was 63.0 AE 5.7 years and 54.3% was male. Mean MHI-5 scores were 79.6 AE 14.1 (current) and 77.4 AE 12.1 (long-term). Forty percent of the participants responded to the stress tasks with a marked (!1 nmol/l) increase in cortisol. No detectable CAC was found in 43.6% of the sample, 46.9% had mild/ moderate CAC and 9.5% had severe CAC. The baseline characteristics across quartiles of long-term psychological distress are given in Table 1 . Individuals with most distress over 15 years were younger, reported less physical activity, and had a higher total/HDL cholesterol ratio. 
Psychological distress and calcification
We first assessed whether current or long-term psychological distress was associated with detectable CAC. Table 2 shows that there was a significant association between continuous scores of chronic distress and severe CAC (Model 1: OR per SD increase = 1.47, 95%CI = 1.02-2.12). Fig. 2 illustrates the increased risk of severe CAC per quartile of long-term mental health scores. As compared to people with the least psychological distress over 15 years, a gradual increase in risk of severe CAC is seen across the quartiles, being statistically significant only for those in the highest quartile of long-term distress (OR = 3.41, 95%CI = 1.22-9.54). No significant associations were found between current psychological distress and severe CAC, or between distress and mild/moderate CAC. Within the subgroup of people with detectable CAC (N = 297), again longterm but not current psychological distress showed a linear association with log transformed Agatston scores (Model 1: b per SD increase = 0.11, p = .06; Model 2: b per SD increase = 0.14, p = .02) (see Table 2 ).
Psychological distress and cortisol response
We then examined associations between psychological distress and cortisol stress responses, using linear (continuous distress measure, maximum cortisol change outcome) and logistic (highest distress quartile, dichotomous response outcome) regression analyses. No significant associations were found between psychological distress and cortisol stress responses.
Psychological distress, cortisol response and calcification
Maximum cortisol changes were not significantly associated with CAC. As compared with non-responders, cortisol stress responders did not differ in risk of mild/moderate CAC, but showed higher odds of severe CAC (OR = 2.00, 95%CI = 1.02-3.94, p = .05). Because psychological distress was not significantly associated with cortisol stress responses, analyses for mediation by cortisol response had become redundant. To assess whether cortisol stress responses moderated associations between psychological distress and CAC, we repeated multinomial regression analyses with additional adjustment for time of testing and inclusion of interaction-terms. None of the linear interactions between psychological distress and cortisol change were significant (all p-values > .40). However, a nearly significant effect was found for the categorical long-term distress by cortisol response interaction ( p = .09) in association with severe CAC. Fig. 3 shows the odds for severe CAC across long-term psychological distress (highest quartile) and cortisol response groups. As compared with low distressed non-responders, highly distressed non-responders did not show significantly higher risk (OR severe CAC = 1.30, Presented results are per SD increase of distress scores, measured at time of heart scan (current; 2006/2008) or over the preceding 15 years (long-term; 1991/1993, 1995/1997, 1997/1999, 2001, 2003/2004 and 2006/2008 
Discussion
The results of this study show that long-term psychological distress is associated with the future presence of severe CAC. No associations with CAC were found for current psychological distress. HPA axis reactivity did not act as a mediator between psychological distress and CAC, because poor mental health was not significantly associated with cortisol responses. However, a trend for interaction indicated that participants with long-term psychological distress and high cortisol reactivity showed the highest prevalence of severe CAC, suggesting additive effects of distress and cortisol reactivity. These findings highlight the existence of a specific subgroup of individuals with hypercortisolemic psychological distress who are at a particularly increased cardiovascular risk.
Our study found no association between current psychological distress and coronary calcium, which is in line with some (O'Malley et al., 2000; Diez Roux et al., 2006) , but not with other (Tiemeier et al., 2004; Faramawi et al., 2007) studies. The use of other, more extensive symptom scales than the MHI-5 can be one reason for these different findings. Results of the Rotterdam Study (Tiemeier et al., 2004) , that showed significant associations for current clinical depressive disorders but not subclinical depressive symptoms, support the idea that the amount of mental stress exposure is important in the association with subclinical atherosclerosis. Until now, very few studies have been able to compare cross-sectional and prospective data on mental stress in association with CHD risk. Results of the current study emphasize the importance of the duration of mental distress. Literature regarding long-term poor mental health is mostly congruent with our findings for long-term psychological distress in reporting an association with subclinical atherosclerosis (Jones et al., 2003; Agatisa et al., 2005; Hamer et al., 2010a) , although one study observed no association between depressive symptoms and carotid IMT (Rice et al., 2009) . This might be due to the fact that thickening of the carotid wall to some extent can be explained as a nonatherosclerotic adaptation to blood pressure and flow (Bots et al., 1997) . Furthermore, studies reporting an association have used calcified or non-calcified atherosclerotic plaque. Because plaque presence represents more advanced stages of atherosclerosis than increased carotid IMT, the discrepancy in findings for long-term poor mental health could be explained by the stage of atherosclerosis progression assessed. Our finding that psychological distress is unrelated to mild/moderate CAC also fits this interpretation. Likewise, the Rotterdam Study has shown that depressive disorders were associated only with severe coronary calcification (Agatston score ! 500) (Tiemeier et al., 2004) . Associations between depression and Agatston scores ! 100 have also been shown in the present dataset (Hamer et al., 2010a) . These earlier observations in the Heart Scan Study were based on a different mental health measure of cognitive depression symptoms using the General Health Questionnaire. It is also possible that those findings using a lower cut-off were driven by the severe CAC cases.
Whereas urinary cortisol levels partly mediated the association between depressive symptoms and metabolic syndrome in an earlier study (Vogelzangs et al., 2007) , we found the association between long-term psychological distress and CAC to be unchanged after adjustment for (salivary) cortisol response to laboratory-induced mental stress. Though the discrepancy in findings could have been due to differences between urinary and salivary cortisol (Nijm et al., 2007; Adam and Kumari, 2009 ), our observations are consistent with a previous study in CHD outpatients that found that 24 h urinary cortisol did not mediate the association between depression and incident CVD events (Whooley et al., 2008) . In the present study, participants with poor mental health were not more likely to be cortisol responders. In the Heart Scan Study cortisol stress responsiveness has previously been associated with CAC (Hamer et al., 2010b ). In the current study, chronic distress was associated with more than 3-times and cortisol stress response with a 2-times higher risk, but participants having both conditions were at 8-times higher risk for severe CAC. This adds evidence to the notion that low mood accompanied by HPA-axis dysregulation may especially be associated with high cardiovascular risk (Vogelzangs et al., 2007) .
In the current study we have examined an etiological mechanism that might explain the association between poor mental and poor vascular health. Although we have found some evidence for cortisol stress response to be involved, this still does not clarify the direction and nature of the causal chain. Both stress response and atherosclerosis could be driven by underlying genetic processes (van den Akker et al., 2008) . Heightened HPA axis reactivity, in addition, could enhance atherosclerosis through the damaging effect of Figure 3 Odds of severe coronary calcification across longterm psychological distress (highest quartile) and cortisol stress response groups. Based on multinomial regression analyses adjusted for age, sex, grade of employment, use of statins, time of testing. Long-term psychological distress is dichotomized into highest quartile (high) vs. lower three quartiles (Low). Cortisol response is defined as an increase of !1 nmol/L relative to baseline. Ref. = reference group. ***p < .001.
persistently increased cortisol levels (Smith et al., 2005) . High levels of cortisol bound to glucocorticoid receptors are thought to inhibit lipid mobilization thereby leading to visceral fat accumulation (Bjorntorp and Rosmond, 2000) , which in turn is an independent predictor of CHD (Nicklas et al., 2004) . Adjustment for BMI did not noticeably change the association between poor mental health and CAC in our analyses, although BMI is known not to be the best indicator of visceral fat. Finally, it is possible that advanced stages of atherosclerosis cause both increased stress responses and low mood (vascular depression). A hyperactive HPA-axis, in this view, could be a compensatory mechanism to suppress exaggerated inflammatory responses in subclinical disease, as suggested previously by Nijm et al. (2007) . They have shown that overt CHD was associated with blunted cortisol reactivity but increased inflammatory responses. In case of vascular depression in our sample, however, we would have expected severe calcification to be associated with current psychological distress as well.
Some limitations of this study should be mentioned. Because we did not measure CAC or HPA axis reactivity at baseline (1991/1993), we cannot make inferences about causality. However, at baseline the participants were 48 years old, on average, and it is unlikely that substantial CAC was present at that time given that none of the participants were symptomatic after 15 years follow up. Severe coronary stenosis can be caused by non-calcified plaques that are not detectable by electron beam computed tomography (Venuraju et al., 2009 ). The CHD risk associated with longterm psychological distress could thus be even higher. The fact that we assessed a healthy and carefully selected population of Caucasians could affect the generalizability of our findings. The moderating effect of cortisol reactivity could have been driven by 'survivors', initially severely calcified cases with a compensatory, anti-inflammatory mechanism. Future longitudinal studies should address these limitations by examining not only mental health, but also psychophysiological stress response and subclinical atherosclerosis at more points in time using angiographic imaging in a large community based sample. Strengths of our study include the repeated assessment of mental health (assessed at 6 time points over 15 years), the highly validated marker of coronary atherosclerosis, and the opportunity to also examine HPA axis reactivity as a possible linking mechanism.
In conclusion, long-term but not current psychological distress is associated with subclinical CAC in healthy, older participants. Having both long-term psychological distress and increased cortisol stress response radically increased the odds for severe CAC. Individuals with 'hypercortisolemic psychological distress' in particular might carry risk for CHD.
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